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Abstract—Hybrid-Automatic-Repeat-reQuest (HARQ) has be-
come an indispensable technique in reliable communications
systems. However, its performance is inevitably affected by the
channel’s fading correlation. In this paper, we proposed a novel
relay-switching aided HARQ scheme in order to mitigate the
detrimental effects of correlated fading without unduly increasing
the system’s complexity and delay. Our results show that the
proposed relay-switching regime operates efﬁciently in correlated
channels, hence signiﬁcantly reduces the error ﬂoor of turbo-
coded HARQ. Additionally, a HARQ scheme using Segment
Selective Repeat (SSR) is incorporated in the relay-switching
scheme for achieving further improvements. Quantitatively, the
proposed relay-switching aided turbo-coded HARQ scheme using
SSR may achieve an approximately 2 dB gain, compared to
the conventional amplify-and-forward aided turbo coded HARQ
arrangement using Chase Combining.
Index Terms - Relay switching, correlated fading channel,
Hybrid-ARQ, turbo codes, chase combining, incremental redun-
dancy, selective segment repeat.
I. INTRODUCTION
Automatic Repeat reQuest (ARQ) is a powerful technique of
mitigating errors incurred in packet data services. In wireless
communications the transmit signal is subjected to fading
effects, which corrupt the received signal. Therefore, ARQ
is typically combined with powerful channel coding schemes,
such as turbo codes [1] or Low Density Parity Check (LDPC)
codes [2], in order to improve the robustness of data trans-
mission over fading channels. The resultant technique, also
known as Hybrid-ARQ (HARQ), was introduced in the 1960s
by Wozencraft and Horstein [3] [4], which relies on a combi-
nation of both error detection and error correction combined
with retransmission requests. Their system is now known
as Type-I HARQ. Naturally, the combination of Forward-
Error-Correction (FEC) codes and the classic ARQ protocol
is capable of improving the achievable throughput and of
reducing the number of retransmissions, hence the delay. An
improved version of this system, known as the Type-II HARQ,
was invented by Lin and Yu [5], which is widely employed in
contemporary communication systems, such as the Universal
Mobile Telecommunications System (UMTS) and the 3GPP
Long Term Evolution (LTE) standards [6] or in the IEEE
802.16 mobile WiMAX system [7].
The transmitter of the classic Type-I HARQ scheme typ-
ically retransmits all the information and parity bits of cor-
rupted packets, when a negative acknowledgement (ACK) is
received, while the receiver simply drops erroneous pack-
ets [8]. In the HARQ Type II scheme, the information received
during the consecutive transmission attempts are combined be-
fore each repeated decoding attempt. Clearly, Type-II HARQ
is capable of outperforming Type-I HARQ, at the cost of a
higher complexity.
The channel characteristics substantially affect the attain-
able system performance. For instance, correlated fading may
corrupt consecutive retransmissions, especially when using
Chase Combining, since the transmitted replica may also
experience a deep fade. In this scenario the spatial diversity
gain of multiple-input-multiple-output (MIMO) systems may
mitigate this problem. However, employing the classic co-
located MIMO elements at the mobile station, which has
compact physical dimensions, may also become ineffective in
the presence of spatially correlated fading. To overcome this
potential drawback, distributed MIMOs relying on cooperative
relaying are proposed. We exploit the ﬂexibility of the cooper-
ative networks [9], [10] by advocating a novel relay-switching
regime, where the speciﬁc relay activated is changed after
each transmission attempt, in order to overcome the spatial
correlation effects. Additionally, we combine the proposed
relay-switching regime with HARQ relying on the Segment
Selective Repeat (SSR) technique of [11], where not all, but
only the most error-infested segments are retransmitted, in
order to further improve the overall performance of the system.
The paper is organized as follows. In Section II, the pro-
posed relay-switching aided ARQ protocol is described, along
with its capacity expressions. Section III introduces the relay-
switching regime into the Turbo Coded HARQ (TC-HARQ)
arrangementconsidered in conjunctionwith different diversity-
combining techniques. Section IV provides our numerical
results, followed by our concluding remarks.
II. RELAY SWITCHING AIDED ARQ
A. Channel Model
We will consider an ARQ scenario, where the source
station (SS) broadcast its data to both the relay station (RS)
and the destination station (DS) in the ﬁrst time slot and then
the RS ampliﬁes and forwards the data to the DS. It is assumed
that the Source-to-Relay (SR), Source-to-Destination (SD)
and Relay-to-Destination (RD) channels suffer from correlated
fading, but there is no correlation among the three channels,
owing to their substantial physical separation.
The signal received at the RS may be expressed as
yR[i] = GSRhSR[i]x[i] + nSR[i], (1)
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978-1-61284-253-0/11/$26.00 ©2011 IEEE 477where i is the symbol index; x[i] is the transmit signal of
the SS with energy
√
ES and yR[i] is the signal received
at the RS; nSR[i] represents the zero-mean complex-valued
AWGN with a variance of σ2
n; hSR[i] denotes the channel
between the SS and the RS, which is modelled as a wide-
sense stationary (WSS) zero-mean complex Gaussian (ZMCG)
random process with variance of σ2
SR; and GSR is the path-
loss-related power gain for the Source-to-Relay (SR) link.
The RS ampliﬁes yR[i] and forwards it to the DS, which
receives
yD[i] =
￿
GSDhSD[i]x[i] + nSD[i]
￿
+
￿
GRDhRD[i]A[i]
￿
GSRhSR[i]x[i] + nSR[i]
￿
+nRD[i]
￿
, (2)
where, again, yD[i] is the signal received at the DS; hRD[i]
is the channel between the RD link, which is modelled as a
WSS ZMCG process with a variance of σ2
RD, while nRD[i]
is the zero-mean complex AWGN process having a variance
of σ2
n. Furthermore, GRD is the path-loss-related power gain
for the RD link. Finally, A is the ﬁxed relay gain, which is
expressed as [12]
AR[i] =
s
ER
E
￿
|yR[i]|2￿ =
s
GSRER
GSRESσ2
SR + σ2
n
, (3)
where ER is the transmit power of the RS.
The received packet is then decoded at the DS’s receiver
and then checked for the presence of residual bit errors using
the classic Cyclic Redundancy Check (CRC) code. If no error
is detected, a positive acknowledgement is returned to the
source to trigger the transmission of a new packet. Otherwise,
a negative acknowledgement is fed back in order to ask for the
packet’s retransmission. Accordingly, the SS sends the packet
again. Consequently, the combined signal received at the DS’s
receiver may be expressed as
y
L
D[i] =
L X
l=0
(￿
GSDh
l
SD[i]x[i] + n
l
SD[i]
￿
+
￿
GRDhl
RD[i]A[i]
￿
GSRhl
SR[i]x[i] + nl
SR[i]
￿
+nl
RD[i]
￿)
, (4)
where L is the number of retransmissions, hence L = 0
indicates that no retransmission is required.
B. Single-Relay Aided ARQ
The single-relay aided ARQ scheme assigns a single ﬁxed
relay to assist the SS in its transmission attempts. If the
channels are assumed to experience highly correlated fading,
there is little difference between the consecutive values of
h, which suggests that the retransmitted packets may also be
corrupted. As a result, there is no substantial spatial diversity
gain. Nonetheless, an improved performance may be attained
owing to the power-gain gleaned from relaying.
C. Relay-Switching Aided ARQ
In order to further improve the attainable performance of the
HARQ scheme considered, the relay-switching philosophy is
proposed here. A top-level view of the scheme is illustrated
in Fig.1. According to this scheme, the SS will send the
retransmitted packet through another RS every time, when
a retransmission request is received. As a beneﬁt of the
independence of the channels between the SS, the RSs and the
DS, there is no correlation between the signals received from
the RSs at the DS’s receiver. Thus, in additioan to achieving
a power gain, the proposed scheme also achieves a spatial
diversity gain for the received signals.
D. Capacity
The instantaneous capacity of the relay-aided ARQ scheme
may be formulated as
C = min{C1,C2}, (5)
where
C1 = log2
￿
1 +
ESGSD
L P
l=0
|hl
SD|2
N0
+
ESGSR
L P
l=0
|hl
SR|2
N0
￿
,
(6)
and
C2 = log2
￿
1 +
ESGSD
L P
l=0
|hl
SD|2
N0
+
ERGRD
L P
l=0
|hl
RD|2
N0
￿
.
(7)
The ergodic capacity of the system may be derived by
averaging the instantaneous capacities of the activated links
over their fading processes, yielding:
¯ C = min{ ¯ C1, ¯ C2}, (8)
where we have
¯ C1 =
Z ∞
0
Z ∞
0
···
Z ∞
0 | {z }
2(L+1)−fold
C1 · F{|h0
SD|,...,|hL
SD|}
·F{|h0
SR|,...,|hL
SR|} · d0
SD...dL
SD · d0
SR...dL
SR, (9)
and
¯ C2 =
Z ∞
0
Z ∞
0
···
Z ∞
0 | {z }
2(L+1)−fold
C2 · F{|h0
SD|,...,|hL
SD|}
·F{|h0
RD|,...,|hL
RD|} · d0
RD...dL
RD · d1
SR...dL
SR, (10)
with F{|h0
SD|,...,|hL
SD|}, F{|h0
SR|,...,|hL
SR|} and
F{|h0
RD|,...,|hL
RD|} being the joint Probability Density
Function (p.d.f) of the channel coefﬁcients hl
SD, hl
SR and
hl
RD (l = {0...L}), respectively.
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Fig. 1. Relay-Switching Aided ARQ
1) Single-Relay Aided ARQ: The joint p.d.f of the single-
relay assisted scheme depends on the correlation of the channel
encountered, but more speciﬁcally on the particular correlation
between the retransmitted channel envelopes at the instants,
when the data packets were actually transmitted. In case of
correlated Rayleigh fading channels and L = 2, the joint p.d.f
may be formulated as [13]
F{|h1|,|h2|} =
4|h1||h2|e−[Ω2|h
1|
2+Ω2|h
2|
2/Ω1Ω2(1−ρ)]
Ω1Ω2(1 − ρ)
√
Ω1Ω2ρ
·I0
(
2
√
ρ|h1||h2|
(1 − ρ)
√
Ω1Ω2
)
, (11)
where we have Ω1 = |h1|2, Ω2 = |h2|2 and
ρ =
cov(|h
1|
2,|h
2|
2) √
var(|h1|2)var(|h2|2) (0 < ρ < 1) represents the
channel envelope’s correlation, which depends on the time-
lag between two transmission attempts, i.e on the coefﬁcients
h1 and h2.
2) Relay-Switching Aided ARQ: As a beneﬁt of the relay-
switching action between the retransmissions, there is no cor-
relation between the channel coefﬁcients of the retransmitted
and of the original data packet. Therefore, the joint p.d.f of
the relay switching scheme may be simpliﬁed to the product
of the individual p.d.fs, which is formulated as:
F{h0,...,hL} =
L Y
l=0
f(hl), (12)
where f(hl) is the p.d.f of the Rayleigh distribution.
The capacity of the two relaying schemes is shown in Fig. 2.
This ﬁgure demonstrates that the relay-switching scheme pro-
vides a higher capacity than the scheme, where a single-relay
is employed.
III. RELAY-SWITCHING AIDED TURBO CODED
HYBRID-ARQ
A. TC-HARQ Using Chase Combining
In the HARQ scheme, the ARQ protocol is combined with
convolutional turbo coding. A CRC pattern is used in order
to produce a positive or negative acknowledgement. More
particularly, at the SS a Q-bit CRC code deﬁned over the
Galois Field GF(2) is attached to the (K − Q) information
bits, resulting in the bit sequence of x = {x1,x2,...,xK}. The
bit sequence is then passed to a (K,N) turbo encoder, which
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Fig. 2. Capacity of Relay Aided HARQ
turns K uncoded input bits into N encoded bits. The resultant
bits are then punctured. Following modulation, the packet is
transmitted to both the RS and the DS.
In the DS’s receiver, the received packet is decoded and
checked for bit errors. If there is no decoding error, the SS
proceeds by transmitting a new packet. Otherwise, the same
packet will be retransmitted. In case of the conventionalsingle-
relay aided scheme, the routes of the retransmitted packets are
the same as those of the original ones. By contrast, the routes
and hence the fading effects are different in case of the relay-
switching aided schemes. When the retransmitted packets
arrive at the DS’s decoder, they are amalgamated with the
previous versions using the Chase Combining technique [14].
B. TC-HARQ Using Incremental Redundancy
In contrast to the above-mentioned TC-HARQ arrangement,
in case of the TC-HARQ using IR, the SS will send additional
parity bits, which are unknown to the DS, whenever a negative
ACK is fed back. As a beneﬁt of additional parity bits, a
coding gain will be achieved at the DS’s channel decoder.
However, the studies of [15] demonstrated that the HARQ
using IR has an inferior performance in comparison to that
of the HARQ using CC, when the systematic bits in the ﬁrst
transmission are corrupted by deep fades and no more sys-
tematic bits were received during the retransmission sessions.
In order to avoid the above-mentioned detrimental effect, the
HARQ scheme using IR should include part of the systematic
information in the IR transmission.
479TABLE I
TURBO CODED HARQ SCHEMES’ PARAMETERS
Parameters Scheme A-1 Scheme A-2 Scheme A-3 Scheme B-1 Scheme B-2 Scheme B-3
No of information bits 300 300 300 300 300 300
No of bits of 1st trans. 600 600 600 600 600 600
No of bits per re-/IR-trans. 200 200 200 200 200 200
No of re-/IR-trans. 3 3 3 3 3 3
HARQ Combining Type CC CC CC IR IR IR
Relaying type none AF AF-switching none AF AF-switching
Normalized Psource/Prelay 1.0/0.0 0.5/0.5 0.5/0.5 1.0/0.0 0.5/0.5 0.5/0.5
Normalized Gsd/Gsr/Grd 1/4/4 1/4/4 1/4/4 1/4/4 1/4/4 1/4/4
Indeed, the TC-HARQ scheme using IR may achieve three
different types of gains, including the usual relay-aided power
gain, the spatial diversity achieved by the relay-switching
scheme and channel-coding gain.
C. TC-HARQ Using Segment Selective Repeat
The studies provided in [16] showed that the residual decod-
ing errors found in turbo codes usually form error-bursts, or
clusters in a packet. In order to exploit this characteristic, the
authors of [11] proposed a turbo coded hybrid ARQ scheme
relying on segment selective repeat (SSR). According to this
scheme, the entire packet is divided into smaller segments,
each having an identical length. Once the decoder fails, the
most severely corrupted segments have to be retransmitted.
In the classic soft-decoding scenarios, the conﬁdence of spe-
ciﬁc symbol estimates is typically determined by the Log-
Likelihood Ratio (LLR). The higher the LLRs, the more
conﬁdent the estimates are. Therefore, the LLR values and
the number of LLR polarities toggled from one iteration to
another is considered to be the criterion for determining how
severely corrupted a segment is. Hence, the segments having
the lowest mean absolute LLR values and/or associated with
the highest number of LLR polarity swaps are likely to be
retransmitted.
As analysed in the previous section, the relay-switching
scheme is capable of providing an increased spatial diversity
gain for the ARQ scheme. Thus, it is of high potential beneﬁt
to combine the turbo coded Hybrid-ARQ arrangement using
SSR with the relay-switching scheme in order to further
improve the system’s performance.
IV. SYSTEM PERFORMANCE
In this section, we will investigate the achievable per-
formance of the relay switching aided TC-HARQ regime
and compare the diverse schemes considered. The generator
polynomial of the half-rate Recursive Systematic Convolu-
tional (RSC) turbo code component is given by:
G =
1 + D + D3
1 + D2 + D3. (13)
In Scheme A-x, x=1, 2 and 3 in Table I, the ﬁrst transmissions
include 300 systematic bits and 300 parity bits, while the
retransmitted packets include 100 systematic bits and 100
parity bits. Similarly, the IR transmissions of Scheme B-x,
x=1,2 and 3 in Table I, contain 100 systematic bits and 100
new parity bits. The remaining parameters of each scheme are
detailed in Table I. Observe in the table that the total transmit
power is normalized to unity and the normalized path-loss
gains represent a relay positioned halfway between the SS
and the DS. We opted for using a path-loss exponent of 2.
The BER performance of the six schemes characterized in
Table I is shown in Fig. 3. It may be seen from the ﬁgure that
the TC-HARQ schemes using IR, or Scheme B-x of Table I
performs better than the schemes using CC, or Scheme A-x
of Table I. Furthermore, the TC-HARQ assisted by the relay,
namely Scheme A-2 may provide an approximately 5 dB gain
at the BER of 10−4 against Scheme A-2 operating without the
assistance of a relay. Observe furthermore from Fig. 3 that an
extra 1 dB gain may be gleaned in case of Scheme A-3, where
the relays are switched after each retransmission.
The average number of re-/IR-transmissions of the four
HARQ schemes of Table I are shown in Fig. 4. According
to the ﬁgure, the average number of re-/IR-transmissions is
comparable for the considered schemes. This means that the
relay-switching schemes do not impose any further delay com-
pared to the conventional single-relay aided scheme. Indeed,
the relay-switching aided TC-HARQ schemes not only reduce
the BER, but they also increase the attainable throughput of
the system without increasing its delay.
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480TABLE II
TURBO CODED HARQ SCHEMES’ PARAMETERS
Parameters Scheme C-1 Scheme C-2 Scheme C-3 Scheme D-1 Scheme D-2 Scheme D-3
No of information bits 500 500 500 500 500 500
No of bits of 1st trans. 1500 1500 1500 1500 1500 1500
No of bits per re-/IR-trans. 500 500 500 500 500 500
No of re-/IR-trans. 3 3 3 3 3 3
HARQ Combining Type CC CC CC SSR SSR SSR
Relaying type none AF AF-switching none AF AF-switching
Normalized Psource/Prelay 1.0/0.0 0.5/0.5 0.5/0.5 1.0/0.0 0.5/0.5 0.5/0.5
Normalized Gsd/Gsr/Grd 1/4/4 1/4/4 1/4/4 1/4/4 1/4/4 1/4/4
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Fig. 4. The average number of Re-/IR-transmission when Turbo coded
HARQ operates in the correlated Rayleigh fading channel at the normalized
frequency fDTs = 10−3 and the remaining parameters provided in Table I.
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Fig. 5 shows the effect of the channel’s correlation on
the performance of the systems. According to the ﬁgure,
the relay-switching schemes, namely Scheme A-3 of Table I,
exhibit an improved performance in case of highly correlated
channels. Explicitly, at the normalized Doppler frequency of
10−3, Scheme A-3 may achieve a gain of 1.5 dB at the BER of
10−7. Furthermore, this gain increased to 2 dB and 3 dB at the
same BER value when the normalized Doppler frequency was
10−4 and 10−5, respectively. In other words, the attainable
gain improved when the normalized Doppler frequency was
reduced, i.e the channel became more correlated, which was
a direct beneﬁt of the increased spatial diversity, when relays
of consecutive retransmission were switched. At low Doppler
frequencies, the correlation between the channel envelopes
of retransmissions was high, hence the single-relay aided
schemes operated less effectively than relay-switching. As
a result, the gains of the single-relay schemes recorded for
highly correlated channels were lower than those of the less
correlated channels.
Finally, we investigated the performance of turbo-coded
HARQ using SSR in the relaying network. The detailed param-
eters are provided in Table II. In the SSR schemes considered,
the entire packet was divided into 15 segments, each having
a length of 100 bits, where the ﬁve segments having the
lowest absolute average LLR values were retransmitted. The
attainable BER and throughput performances are shown in
Fig. 6 and Fig. 7. It may be seen from Fig. 6 that in the absence
of relay-switching, the relay aided HARQ using SSR may
have a modest gain of 0.5 dB compared to the conventional
Scheme C-2 of Table II using CC. This result is similar to
that of the direct transmission Scheme C-1 of Table II. By
contrast, Scheme D-3, which employs SSR, may achieve an
appropriately 1.5 dB gain, when the relays are switched during
the retransmission attempts. Further results are provided in
Fig. 7. The throughput curve of Scheme D-3 suggests that
an approximately 2 dB lower Eb/N0 is required than that of
Scheme C-3 in the Eb/N0 region between 0 dB to 5 dB. This
implies that Scheme D-3 may reduce the BER and/or increase
the attainable throughput of the system.
V. CONCLUSIONS
A novel relay-switching scheme aided TC-HARQ system
was proposed for transmission over the correlated fading
channel, which improved the attainable system performance
by reducing the effects of channel envelope correlation, hence
providing an increased spatial diversity for signals received
at the destination’s receiver. A gain of about 1 dB may
be achieved at the BER of 10−5 at a modestly increased
system complexity.Additionally,we introducedthe TC-HARQ
using SSR and the relay-switching regime in order to further
improve the attainable performance. More particularly, a gain
of approximately 2 dB was achieved across the Eb/N0 region
spanning between 0 dB to 5 dB, when the TC-HARQ scheme
using SSR was assisted by relay-switching.
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